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ABSTRACT 
The refrigeration industry has been in a state of flux primarily because of the phase-out of ozone-depleting CFC refriger-ants, and secondarily because of recent advances in compressor technology. This paper contains a review of current substitutes for CFCs and HCFCs which are under consideration by the compression refrigeration industry, an assessment of their character-istics related to choice of one versus another substitute, and an identification of trends set by these choices. 
INTRODUCTION 
The HV AC&R industry has been a maturing industry for about fifty years. In its infancy, prior to the Second World War, there was virtually no air-conditioning in residential homes or automobiles, and for the most part food preservation relied on cooling with ice. Today, refrigeration has become essential to ensure the maintenance of food supplies throughout the world and air-conditioning is relied on to support the comfort and standard of living to which contemporary society has become accustomed. Industry has also developed an increased dependence on refrigeration technology. The electronics and chemical industries, for example, require this technology for the production of computer chips and for the manufactur-ing of synthetics. 
The driving forces in the HV AC&R industry are similar to those of many other technology-based industries. It is driven by political and economic factors, and by the introduction of new technologies. Two of the major global concerns are the fear of ozone depletion and global warming which has led to governmental and intergovernmental legislation regu-lations. Additionally, high costs of energy, new global suppliers, and global competition are among the many economic challenges faced by developing and developed countries alike. The availability of new compressors, materials, manufactur-ing processes, controls, refrigerants, and computational abilities entails expensive conversion costs for existing companies, but also offers opportunities for new ones. 
There are three major issues facing the HVAC&R industry. The first issue is what must be done to implement the phase-out of CFCs and HCFCs, driven primarily by their ozone-depleting potential. This phase-out is probably the single most important issue, and one which has effected greater changes in the HV AC&R industry in the last several decades than any other issue. Secondly, the need for more efficient equipment and systems in order to reduce energy consumption is a very important challenge facing the HV AC&R industry. This need first became evident during the "oil crisis" in the 1970s. More recently, the need for improved efficiency is also driven by the fear of "global warming". Finally, there is increased global competition due to the development of new suppliers of HV AC&R equipment. These companies see opportunities whenever new technologies become economically and technically feasible. Great improvements are currently being made in manufacturing, reliability, improved comfort, and the noise control of HV AC&R equipment. 
HISTORY AND FUTURE OF REFRIGERANTS 
Over the years, more than 50 chemical substances have been used as refrigerants in compression type refrigeration and air-conditioning systems, with varying degree of success. The very first machines, as developed by Perkins in 1834 and later by Harrison in 1856 used ether ("a fluid for cleaning printing type"), which was neither safe nor particularly suitable for the purpose. More appropriate compounds, like carbon dioxide (C02), ammonia (NH3), and sulfur dioxide (S02), were introduced in the 1870s and 1880s. These refrigerants were dominant for a long time, until the synthetic halocarbons, i.e. "Refrigerant-12" (CFzCh) at first and others later, took over much of the market from 1932 on. After the Second World 
95 
War only one of the earlier refrigerants, ammonia, was still used extensively in large industrial systems, all other fiel
ds were 
completely dominated by chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). 
In 1974, Rowland and Molina presented the theory that halocarbons could be decomposed by sunlight in the strat
o-
sphere. The chlorine set free in this process could catalyze the breaking down of ozone, thereby increasing the pen
etration 
of short wave radiation to earth. At that point, the dominant refrigerants generally in use could be identified as C
FC-11, 
CFC-12, HCFC-22, and R-502 (an azeotropic mixture of HCFC-22 and CFC-115). The typical range of applica
tions of 
these refrigerants, from small household refrigerators to large air -conditioning systems for buildings, is presented in F
ig. 1. 
Rowland and Molina's theory led to the Montreal Protocol of 1987 and to several subsequent revisions which ha
ve 
resulted in the phase-out in industrialized countries of CFCs in virtually all applications in refrigeration and air-cond
itioning' 
on December 31, 1995. Some countries have agreed to an even more rapid phase-out of CFCs, and HCFCs. HC
FCs are 
also controlled under the Montreal Protocol, with a virtual phase-out by the year 2030. 
This paper will address in more detail the phase-out and replacement of the four dominant refrigerants mentioned e
ar-
lier. In addition, natural refrigerants will be discussed as possible replacements for CFCs, HCFCs and HFCs. Bef
ore dis-
cussing the replacements, which may consist of one or more refrigerants mixed together to form a new refrigerant, 
the fol-
lowing definitions must be understood: 
Blends: Refrigerants consisting of mixtures of two or more different chemical compounds, often used individually as
 refrig-
erants for other applications. 
Azeotrope: Blends, when used in refrigeration cycles, that do not change volumetric composition or saturation temp
erature 
during evaporation or condensation at constant pressure. 
Zeotrope: Blends, when used in refrigeration cycles, that change volumetric composition and saturation temper
ature to 
varying extents as they evaporate or condense at constant pressure. 
Temperature Glide: The difference between the starting and ending temperatures of an evaporation or condensation 
process 
of a zeotrope at constant pressure, excluding any subcooling or superheating. 
Near-Azeotrope: A zeotropic blend with a small temperature glide and change in composition over the application ra
nge and 
therefore for all technical matters behaves almost like an azeotrope. 
Fractionation: A change in composition of a blend by preferential evaporation of the more volatile component(s), 
or con-
densation of the less volatile component(s). 
Refrigerant CFC-11 
The refrigerant CFC-11 is a low-pressure refrigerant primarily used in centrifugal water chillers. There were approx
i-
mately 45,000 chillers operating in December 1995 with CFC-11. Additionally approximately 10,500 chillers ha
d been 
converted to an alternative, low pressure refrigerant in anticipation of the ban of CFC-11. The intermediate replacem
ent for 
CFC-11 is HCFC-123. The phase-out in the USA ofHCFC-123 in new equipment is currently scheduled for 2020, a
nd will 
be phased out of production in 2030. The search for other alternatives for CFC-11 has eliminated many compounds 
and has 
focused primarily on HFC-245ca. However, HFC-245ca is marginally flammable. Therefore, work continues to inv
estigate 
other less flammable isomers of HFC-245 (such as HFC-245fa), and to discover compounds to mix with HFC-245c
a which 
suppress the flammability. Unfortunately, rough cycle calculations indicate that low pressure refrigerant blends b
ased on 
HFC-245ca and/or one of its isomers and a flame suppressant may be significantly less efficient than CFC-11 or HCF
C-123. 
Investigators will focus on the evaluation of the commercial viability of HFC-245ca or one of its isomers as a pu
re com-
pound, or in a refrigerant blend as a replacement for CFC-11 or HCFC-123. A positive outcome of the quest for c
ommer-
cial viability will guide further toxicity tests and production plans by refrigerant producers. 
Refrigerant CFC-12 
CFC-12 was the first refrigerant which the HV AC&R industry focused on replacing, because of its extensive use a
nd 
the high leakage rate in automotive air-conditioning. In addition to the automotive application, it was also the prim
ary re-
frigerant used in household refrigerator/freezer units. In both applications CFC-12 has been and will continue to
 be re-
placed by HFC-134a. HFC-134a was the first non-ozone depleting fluorocarbon refrigerant to become commerciall
y avail-
able. Developed more than twenty years ago to have characteristics similar to CFC-12, it is a viable candidate fo
r use in 
medium and high temperature applications where CFC-12 has been successfully used. HFC-134a has been gener
ally ac-
cepted by the automotive air conditioning industry because of its low permeability in tubes and hoses, and its high
 critical 
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temperature. Domestic refrigerator manufacturers have also found HFC~134a to be a viable refrigerant for their products. HFC-134a is available from several manufacturers. 
Laboratory and field tests show that the refrigeration capacity and energy efficiency of HFC-134a are similar to CFC-12 for medium and high temperature applications [Copeland 1994, 151). For evaporating temperatures below -lO"F (-230C), HFC-134a loses its attractiveness for several reasons: 
• Significant loss of capacity and efficiency compared to CFC-12. 
• Pressure ratios become very high, compromising compressor reliability. 
• Low side pressures are sub-atmospheric, resulting in system reliability concerns. With the exception of ozone depletion potential, HFC-134a possesses the same deficiencies as CFC-12 for most commercial refrigeration and air-conditioning applications. These deficiencies include the need for larger displacement compressors and larger diameter tubing compared to high pressure refrigerants. HFC-134a is not expected to be a widely used refriger-ant except in refrigeration applications where the benefits of high pressure refrigerants cannot be practically achieved (primarily automotive air conditioning and domestic refrigerators and freezers). 
Refrigerant HCFC-22 
HCFC-22 is widely used as a refrigerant in commercial refrigeration, and in commercial and residential air-conditioners and heat pumps. HCFC-22 has favorable thermodynamic and transport properties and well known material compatibility characteristics. 
However, based on its ozone depletion potential of ODP = 0.055 as compared to the refrigerant CFC-11 with ODP = 1.0 [UNEP 1991, /121), HCFC-22 has now been added to the Montreal Protocol phase-out requirements. The current phase-out of HCFC-22 in Germany is set for January 1, 2000 [German Parliament 1990, 161). In the USA, the current phase-out ofHCFC-22 in new equipment is set for 2010, and the phase-out of production is set for 2020. Furthermore, the greenhouse warming potential of HCFC-22 is GWP = 1700 [IPCC 1994, /13/] and therefore quite high as compared over a 100 year period to carbon dioxide which has a GWP = 1.0. As concern about global warming heightens, a further reduction of the availability of HCFC-22 is possible. 
Many of the likely HFC refrigerants which could replace HCFC-22 are not nearly as close to HCFC-22 in their charac-teristics as are the CFC-12 and R-502 replacements. A major international testing program under the leadership of the Air Conditioning and Refrigeration Institute (ARI), referred to as the Alternative Refrigerant Evaluation Program (AREP) has identified most of the possible alternatives for HCFC-22 [Godwin 1994, nl; ARI 1994, /1/]. In addition, ARI also attempts to maintain an up-to-date list of CFCs and CFC substitutes. Parts of this list are available in several issues of Energy User News 12, 3, and 4/. 
Based on the AREP list, four major candidates are now being considered by compressor manufacturers as replace-ments for HCFC-22 [Muir 1994, /101). They include HFC-134a as a low pressure alternative, two near azeotropes of HFC-32 and HFC-125, marketed as R-4IOA and R-410B, both very high pressure alternatives, and a ternary blend of HFC-32, HFC-125, and HFC-134a, known as R-407C, which has a significant temperature glide during evaporation and condensa-tion. These four alternatives for HCFC-22 will be discussed in more detail. 
HFC-134a: The capacity and pressure of HFC-134a is the lowest of the three possibilities mentioned above. While the refrigerant is a single compound chemical and has no glide, it would require a major redesign of all HCFC-22 equipment in order to utilize HFC-134a efficiently. Most of the piping, both between unit components and within heat exchangers, would have to be significantly larger than has been used with HCFC-22, in order to minimize the pressure drops and maintain rea-sonable operating efficiency. The requirement for larger tubing and significantly greater compressor displacement will re-sult in a system more costly than the other two possibilities mentioned here for equivalent operating efficiency. Therefore, for residential and smaller commercial applications, HCFC-134a is the least likely of the three possibilities. However, in larger chillers, especially with large screw or centrifugal compressors, this may not be the case. 
R-407C: This refrigerant is a zeotropic mixture of HFC-32, HFC-125, and HFC-134a with a composition of 23/25/52 per-cent by weight, respectively. R-407C, produced by Dupont and ICI, appears to be the most similar alternative to HCFC~22 with respect to capacity and operating pressures. The major drawback and source of concern is the fact that it has approxi-mately 5°C (I 0°F) temperature glide during evaporation. Many companies are concerned about the effects of this glide in 
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the service sector because of the difficulty of ensuring the composition within an operating system after several recharges, 
should leakages occur. In addition, it has been established that in some multiple evaporator units more fractionation than 
can be accepted occurred in the system when one evaporator is not in operation. Fractionation also occurs in flooded type 
evaporator units, resulting in the refrigerant circulating through the system being considerably different than the original 
composition. Also, the shell-side condensation of R-407C in tube-and-shell type heat exchangers seem to give considera-
bly lower heat transfer coefficients than with a pure (or azeotropic) refrigerant. However, of the four alternatives mentioned 
here, the use of R-407C is the simplest to implement because it requires the fewest changes to the current HCFC-22 equip-
ment. The only major change required is the use of a polyolester lubricant instead of a mineral oil used for HCFC-22. In 
order to ensure reliability, long term testing in new equipment is neceaasry. 
R-4JOA and R-4JOB: These refrigerants are near-azeotropic mixtures (negligible temperature glide) of HFC-32 and HFC-
125. R-410A has a composition of 50150, and R-410A has a composition of 45/55 by weight. These alternatives are signifi-
cantly different from the other two in that they operate at very high pressures, approximately 50% higher than HCFC-22, 
and require much lower displacement compressors. The higher density and pressure of the refrigerants will allow the use of 
much smaller diameter tubing while still maintaining very reasonable pressure drops. While the theoretical thermodynamic 
efficiency of R-41 OA and R-410B are not as high as HCFC-22, the heat transfer characteristics are superior and most system 
tests, with systems optimized for R-410A or R-410B, have shown superior performance to HCFC-22. It is necessary to 
completely redesign the system including most of the components in order to handle the higher pressures and to optimize 
the heat exchangers when replacing HCFC-22 with R-410A and R-410B. Once these changes are made, it appears that a 
system may have up to 5% higher efficiency. 
Refrigerant R-502 
The refrigerant R-502 is the azeotropic mixture of CFC-115 and HCFC-22 with a composition of 48.8/51.2 percent by 
weight. It has primarily been used as the low temperature refrigerant in commercial refrigeration. Since it contains a CFC 
refrigerant, it was phased out December 31, 1995. As an intermediate step, R-502 has been replaced in most of its applica-
tions by HCFC-22, which has resulted in a major redesign of the equipment in order to make HCFC-22 applicable for low 
temperatures. Since HCFC-22 will also phase out in the future, other long term replacements have to be found. Based on 
the ARI/ AREP Program, two prime candidates could be identified by the compressor manufacturers as the long term re-
placements [Copeland 1994, /5/], They are a near-azeotropic mixture ofHFC-125, HFC-143a, and HFC~134a (marketed as 
R-404A), and an azeotropic mixture of HFC-125 and HFC-134a (known as R-507). 
R-404A: The refrigerant R-404A is the near azeotropic mixture ofHFC-125, HFC-143a, and HFC-134a with a composition 
of 44/52/4 percent by weight, respectively, marketed by Dupont and Elf Atochem. So far, all tests obtained with R-404A 
indicate that it is similar in capacity and efficiency to R-502. Additional investigations which focus on a better understand-
ing of the performance and characteristics of each part of the integrated refrigeration system, especially the compressor per-
formance, are currently being conducted using R-404A in order to improve new equipment and system performance. 
R-507: The refrigerant blend ofHFC-125 and HFC-143a forms an azeotrope in a 50/50 percent mixture by weight at -40°C 
(-40°F). This mixture is patented by Allied-Signal and is known as R-507. The flammability ofHFC-143a is suppressed by 
HFC-125, to the extent that the mixture has been classified as "practically-non-flammable". This is the same classification 
applied to both HCFC-22 and R-502. Although complete toxicological data is not yet available, the preliminary results are 
encouraging enough to give it the most favorable ASHRAE Standard 34 classification. Compressor calorimeter tests show 
that the capacity and efficiency of R-507 at a typical retail frozen food evaporator temperature of -32°C (-25"F) match that 
of R-502 almost exactly. Based on the transport properties, the heat transfer is expected to be somewhat improved with R-
507 compared to R-502. 
Natural Refrigerants 
Natural refrigerants are compounds which are present in quantity in the natural environment, .and are proved to be 
harmless there. This does not necessarily mean that they are harmless in the pure or concentrated form as used in refrigera-
tion equipment. A number of substances with very different physical properties are available and several have been used as 
refrigerants, such as water, air, helium, nitrogen, hydrocarbons, ammonia, or carbon dioxide. Low boiling point substances, 
e.g., helium, air, nitrogen and methane, ar~ extensively used in very low temperature applications and in gas liquefaction up 
to approximately -73°C (-100°F) with special cycles such as in the Philips machine. They are less suitable for more mod-
erate temperature lifts because the second law irreversibilities become too high with presently available equipment. Water 
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is an ideal fluid for high temperature heat pumps, but normally impractical in refrigeration usage due to excessive volume requirements except under very special conditions. 
Three fluids. remain for applications in the conventional refrigeration and air-conditioning range of -40 to +4°C (-40 to +40°F) evaporation temperatures: Ammonia, hydrocarbons (i.e., propane and its mixtures), and carbon dioxide. These al-ternatives are suitable to cover all practical applications in the air conditioning and refrigeration field and will be discussed in more detail. 
Ammonia: Ammonia has been used for 120 years and is still the preferred choice for large industrial systems in many countries. A tremendous amount of experience exists, but is limited to relatively few people actually working with ammo-nia. With its excellent thermodynamic properties, ammonia is a viable alternative today for standard industrial installations in the capacity range of 25 kW (7 tons) and larger, using reciprocating or rotating positive displacement compressors. Suit-able machinery and equipment using this refrigerant even for lower capacities are gradually becoming available on the mar-ket again, and new designs greatly reduce the required system charge. For very large systems, where turbo compressors would be a natural choice, the situation is somewhat different. The low molar mass, which is otherwise a great asset, limits the compression ratio for a given impeller tip speed. A number of stages may be required even for moderate temperature lifts. Modern development towards new materials and even higher tip speed may gradually reduce this drawback. In order to extend the range of application of ammonia as a refrigerant, one major reserach task is to develop a gas-cooled semi-hermetic or hermetic type compressor. The main problem is the incompatibility of ammonia and the materials that have been used for compressor motors. For small capacity refrigeration, as typically used in commercial and domestic fields, ammonia is hardly the most suitable choice at the present time, primarily because of safety concerns, and secondarily be-cause even small leaks will cause an unacceptable smell. 
Hydrocarbons: Hydrocarbons, propane in particular, have been used as working fluids in large refrigeration plants for many years, notably in the petrochemical processing industry. Propane has excellent thermodynamic properties, approach-ing those of ammonia. The molar mass of 44 gives propane a somewhat increased pressure drop compared to ammonia and calls for larger pipe dimensions, but is still much less than for the halocarbons. The heat transfer characteristics of hydro-carbons are also inferior to ammonia, but much better than for CFCs, HCFCs and HFCs. Hydrocarbons are compatible with all common machine building materials and oils. An important application for propane and hydrocarbons in general in the immediate future is their use as replacements for halocarbons in small refrigeration systems, such as in domestic refrigera-tors and freezers. It is expected that hydrocarbons will take over most of the European domestic refrigerator/freezer market sometime in the future [ORNL 1993, /11/]. Currently, 90% of the German production of refrigerators and freezers are using hydrocarbons as refrigerant. In entire Europe, 25% of the domestic refrigerator/freezers are working with hydrocarbons as the refrigerant. However, U.S. manufacturers perceive many liability problems due to flammability concerns. Therefore, an introduction of hydrocarbons in the U.S.A. is not considered very likely at this moment. However, there are already U.S. manufacturers who are designing hydrocarbon systems for the european domestic refrigerator market in their european plants as well as HFC-134a systems for the U.S. market in their U.S. plants, resulting in "two worlds" of domestic refrigera-tion. 
Carbon Dioxide: For half a century and well into the 1930s, carbon dioxide was a commonly used refrigerant. Due to its completely hannless nature, it was generally the preferred choice for use on-board ships, while ammonia was more common in stationary applications. With the introduction of CFCs (CFC-12 in particular), C02 was rapidly abandoned, and was nearly forgotten in the course of the last forty to fifty years. C02 has a number of advantages: • Pressure close to the economically optimal level. 
• Greatly reduced compression ratio compared to conventional refrigerants. 
• Complete compatibility to common machine building materials and oils. 
• Easy availability. 
• Simple operation and service, no "recycling" required. 
• Very low price. 
The effective application of C02 in refrigeration and air-conditioning depends on the development of suitable methods to achieve a competitively low power consumption in operation near or even above the critical point. Since the critical tem-perature of C02 is about 30°C (86°F), for most applications the heat rejection will occur in the supercritical region. Several systems to solve this issue and exploit the remarkable possibilities of C02 as a refrigerant have been identified during the last few years [Lorentzen 1994, /9/]. They include automotive air-conditioning, heat pump applications, and domestic re-frigeration. The application of C02 in refrigeration and air-conditioning technologies requires the development of a new, 
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highly efficient compressor, which matches the thermophysical properties of C02. Since the high-side pressures will be in 
the range of three to four times those that are currently experienced (around 100 bar), a complete re-design of the current 
compressors is necessary. The extremely high operating pressure compared to current equipment is the main disadvantage 
of using C02. In addition, the question of lubrication in the compressor needs to be addressed. The success of C02 in re-
frigeration and air-conditioning applications will depend on the outcome of various research activities that are currently 
being carried out around the globe. 
PREDICTIONS 
Based on the information avaliable up to this point, the following predictions of the direction of the U.S. market with 
respect to CFC substitutes can be made. However, it has to be mentioned that these predictions are difficult, since global 
aspects have to be considered. In Europe, where the pressures from environmental groups is very strong, it can be predicted 
that natural refrigerants will gain more market share with respect to HFC alternatives compared to what can be expected in 
the U.S.A., where liability due to accidents is a major concern. The extent to which natural refrigerants will be used in the 
U.S.A. in the future will depend on the outcome of ongoing research activities. 
In the U.S.A., a clear substitute for CFC-11 has yet to be identified and it is difficult to predict which refrigerant will 
be used in centrifugal water chillers for large air-conditioning applications. The long term replacement for CFC-12 will 
probably be HFC-134a in automotive air-conditioning and domestic refrigeration applications. 
The author predict that the replacements for HCFC-22 will be different for "drop-in" applications and for new equip-
ment. The replacement for drop-in applications will probably be an HFC blend with thermodynamic characteristics close to 
those of HCFC-22, such as R-407C. In new equipment, HCFC-22 will probably be replaced by an HFC blend with higher 
pressures and a small or no temperature glide (azeotrope or near azeotrope, such as R-410A or R-410B. 
With respect to replacements for R-502, similar predictions as for HCFC-22 can be made. The long term replacement 
in new equipment will probably be a high pressure HFC blend. 
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